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Sequence-structure alignmentIn the last decade, the evolutionary diversity of Chlorella and allies has been discussed in a huge number of pub-
lications using internal transcribed spacer 2 (ITS2) and/or 18S ribosomal RNA gene sequences to infer the phylog-
enies. However, sister-group relations between different genera classiﬁed within the Chlorellaceae remained
provisional, due to a lack of bootstrap support. In this study, usingmore than four hundred sequences, a compre-
hensive phylogenetic portrait of Chlorella and allies is presented and discussed; sixty key taxa are reconsidered by
an analysis using primary sequences and their individual secondary structures simultaneously in inferring
neighbor-joining, maximum parsimony and maximum likelihood trees, an approach most recently reviewed,
with increasing robustness and accuracy of reconstructed phylogenies. While neighbor-joining and maximum
parsimony analyses failed in inferring a robust phylogenetic tree, the maximum likelihood tree (in particular
on a concatenated data set) provides a supported phylogeny preceding any taxonomic discussion.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Chlorella is one of the best-studied phototrophic eukaryotes. The evo-
lutionary diversity of Chlorella sensu stricto and related taxa,most recent-
ly reviewed by Krienitz et al. (2015), had been thoroughly discussed for
the last decade (e.g. Bashan et al., 2015; Bock et al., 2010, 2011a, 2011b,
2011c; Hoshina, 2014; Hoshina et al., 2005, 2010; Hoshina and
Fujiwara, 2013; Krienitz et al., 2004, 2010, 2012; Luo et al., 2006, 2010;
Pröschold et al., 2010, 2011; Ustinova et al., 2001; Wolf et al., 2002). A
growing number of coccoid green algae whose morphology is different
from the spherical Chlorella have been classiﬁed as Chlorellaceae (Chloro-
phyta, Trebouxiophyceae).Within the family a genus and species concept,
i.e., sister group relations between different genera, remained provisional
due to a lack of bootstrap support in anymolecular analysis (e.g. Hoshina
and Fujiwara, 2013; Krienitz et al., 2012; Luo et al., 2010). Typically, the
core Chlorellaceae consist of two clades, a well-supported Parachlorella-
and a moderately-supported Chlorella-clade (cf. Krienitz et al., 2004). In
most studies, due to high sequence variability, the alignment was guided
by secondary structure information. Though, none of the studies used
sequence-structure information simultaneously in inferring alignments
and trees; an approach most recently reviewed, increasing robustness
and accuracy of reconstructed phylogenies (Keller et al., 2010; Wolf
et al., 2014; Wolf, 2015). Moreover, biased by taxon sampling, existing
studies focus on speciﬁc subgroups classiﬁed within Chlorellaceae, andburg.de (M. Wolf).
. This is an open access article underlack a complete picture presenting all currently available chlorellacean
strains for which ITS2 and 18S sequences are available. In this study, a
comprehensive phylogenetic portrait of Chlorella is presented and
discussed; key taxa are reconsidered by a sequence-structure analysis
using neighbor-joining (NJ), maximum parsimony (MP) and maximum
likelihood (ML) approaches.
2. Material & methods
2.1. Taxon sampling and ITS2 sequence analysis
To get a feasible taxon sampling, all 421 currently available ITS2
rRNA gene sequences of Chlorellaceae were obtained from GenBank
(Benson et al., 2013) and annotated using Hidden Markov Models
(HMMs) (Keller et al., 2009) as implemented in the ITS2 databases I–
IV (Ankenbrand et al., 2015; Koetschan et al., 2010, 2012; Merget
et al., 2012; Schultz et al., 2006; Selig et al., 2008). Three hundred seven-
ty ﬁve sequences were annotated. Strains unclassiﬁed as “sp.” or strains
not classiﬁed as Chlorellaceae sensu stricto were discarded. Two hun-
dred seventeen sequences (cf. Table S1) were aligned by ClustalX
(Larkin et al., 2007) andwith ProfDistS (Wolf et al., 2008) a phylogenet-
ic tree was reconstructed by neighbor-joining (Saitou and Nei, 1987)
using a Jukes Cantor (JC) correction. Bootstrap support (Felsenstein,
1985) was estimated based on 100 pseudo-replicates. Outgroup taxa
(Chloroidium saccharophilum (W. Krüger) Darienko, Gustavs, Mudimu,
Menendez, Schumann, Karsten, Friedl et Pröschold 2010 and
Chloroidium ellipsoideum (Gerneck) Darienko, Gustavs, Mudimu,the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Flowchart of the experimental setup. *After annotation of ITS2 and 18S rDNA sequences, strains unclassiﬁed as “sp.” or strains not classiﬁed as Chlorellaceae sensu stricto were
discarded. Clade speciﬁc key taxa were deduced from the overall picture (cf. Fig. 2) in order to realize a subsequent phylogenetic RNA sequence-structure analysis using a concatenated
data set as well as each marker separately.
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from among close allies in the Chlorellales (cf. Krienitz et al., 2004).
Clade speciﬁc key taxa were deduced from the overall picture in order
to reduce the number of taxa for a subsequent phylogenetic RNA
sequence-structure analysis (Fig. 1).
2.2. ITS2 and 18S sequence-structure analysis
A total of 73 chlorellacean taxa were included in the phylogenetic
analysis of ITS2 sequence-structure data (cf. Table S1). C. saccharophilum
and C. ellipsoideum were used as outgroup. Secondary structures were
predicted by homology modeling using a relevant template (cf. Wolf
et al., 2005; Selig et al., 2008) or by RNAstructure using energy minimi-
zation and constraint folding (Mathews et al., 1999; Reuter and
Mathews, 2010). In accordance with Keller et al. (2010); Wolf et al.
(2014) andWolf (2015), phylogenetic analysis of ITS2 followed the pro-
cedures outlined in Koetschan et al. (2012); Markert et al. (2012);
Merget et al. (2012) and Schultz and Wolf (2009). Speciﬁcally, a global
multiple sequence-structure alignment was automatically generated in
4SALE v1.7 (Seibel et al., 2006, 2008), whereby ITS2 sequences and their
individual secondary structures were simultaneously aligned using an
ITS2 sequence–structure speciﬁc scoring matrix (Seibel et al., 2006,reviewed in Wolf et al., 2014). 4SALE uses ClustalW (Larkin et al.,
2007), but, with a speciﬁed scoringmatrix, ﬁtted to a 12-letter alphabet
encoding the sequence–structure information and speciﬁcally trained
on ITS2 sequence–structure data obtained from hundreds of thousands
of sequence–structure pairs available at the ITS2 database. Hence, 4SALE
does not use a 4 × 4 scoring matrix but rather a 12 × 12matrix for each
nucleotide, with its three structural states (paired left, paired right, or
unpaired). Based on the simultaneous consideration of the primary se-
quence and the secondary structure information, phylogenetic relation-
ships were reconstructed by neighbor-joining (NJ) through the use of
an ITS2 sequence–structure speciﬁc, general time reversible (GTR) sub-
stitution model as implemented in ProfDistS v0.9.9 (Wolf et al., 2008).
Using the ITS2 sequence and the ITS2 secondary structure information
simultaneously (encoded by the 12-letter alphabet), a maximum parsi-
mony tree (MP) (Camin and Sokal, 1965) was reconstructed by PAUP
(Swofford, 2002) (with default settings) and a maximum likelihood
tree (ML) (Felsenstein, 1981) was calculated using phangorn (Schliep,
2011) as implemented in the statistical framework R (R Core Team
2014). The R script is available from the 4SALE homepage at http://
4sale.bioapps.biozentrum.uni-wuerzburg.de (cf. Wolf et al., 2014).
Bootstrap support for the sequence-structure trees was estimated
based on 1000 (NJ, MP) and 100 (ML) pseudo-replicates, respectively.
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(without introns) accompanying the ITS2 data set were used for further
processing (cf. Table S1). Secondary structures were predicted by homol-
ogymodeling (at least 75%helix transfer,without pseudoknots) using the
18S rDNA secondary structure of Heterochlorella luteoviridis (Chodat) J.
Neustupa, Y. Němcová, M. Eliáš et P. Škaloud 2009 as template (Selig
et al., 2008; Wolf et al., 2005). The template structure (being the closest
relative) was obtained from the Comparative RNA Web Site (CRW)
(Cannone et al., 2002). Sequence-structure alignments and phylogenetic
trees were reconstructed as described for the ITS2 data set.
The ITS2 and the 18S rDNAdata sets (sequences and their individual
secondary structures) were ﬁnally concatenated and processed as de-
scribed for the single marker analyses.Fig. 2. Neighbor-joining tree based on the primary sequence information from all available and
siﬁed as Chlorellaceae sensu stricto were discarded). Bootstrap values N50 are added for mo
saccharophilum and Chloroidium ellipsoideum. GenBank accession numbers accompany each ta
bold (cf. Fig. 1). Themonophyletic Parachlorella-clade is highlighted. Key taxa are alternatelyma
era are indicated by quotation marks. The scale bar indicates evolutionary distances.2.3. Compensatory base change analysis
Concerning the ITS2 data set consisting of 73 taxa, species were fur-
ther distinguished by a CBC analysis (cf. Coleman, 2000; Coleman, 2009;
Mai and Coleman, 1997;Müller et al., 2007;Wolf et al., 2013). Compensa-
tory base changes (CBCs) were identiﬁed using the CBCAnalyzer option
implemented in 4SALE v1.7 (Seibel et al., 2006, 2008; Wolf et al., 2005).
3. Results
The neighbor-joining tree obtained from 217 annotated ITS2 se-
quences yielded a well-supported monophyletic Parachlorella- and a
paraphyletic Chlorella-clade (Fig. 2). Most genera (e.g. Actinastrum,annotatable chlorellacean ITS2 sequences (strains unclassiﬁed as “sp.” or strains not clas-
nophyletic genera, if polyphyletic on species level. The tree is rooted with Chloroidium
xon name. Sequences used for a subsequent sequence-structure analysis are indicated in
rked in gray andwhite and additionally named alongside the tree. Non-monophyletic gen-
Fig. 4. Visualization of the complete sequence-structure alignment by a consensus struc-
ture (51%) for all ITS2 primary sequences obtained from the complete multiple se-
quence-structure alignment without gaps (71 chlorellacean sequence-structure pairs,
outgroup taxa were excluded). Helices are numbered I–IV. Sequence conservation is indi-
cated from red/brownish (not conserved) to green (conserved). Nucleotides which are
100% conserved in all sequences are written as A, U, G or C. Nucleotide bonds which are
90% conserved throughout the alignment are marked in yellow. The ﬁgurewas generated
with 4SALE.
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Meyerella) are highly supported being monophyletic. Others (e.g.
Dictyospherium, Parachlorella orMucidosphaerium are almostmonophy-
letic (Fig. 2). How these genera are related to each other remained un-
resolved (Fig. 2).
ITS2 secondary structures (Figs. 3, 4) obtained for 73 key taxa (cf.
Fig. 2) folded into the common core structure known for eukaryotes,
consisting of four helices, the third being the longest (Schultz et al.,
2005). Fig. 3 shows the ITS2 secondary structure for the type species
Chlorella vulgaris Beyerinck (Beijerinck) 1890. Fig. 4 visualizes the com-
plete sequence-structure alignment by a 51% consensus structure.Well-
known sequence motifs like the U–U mismatch in helix II, an A-rich re-
gion between helices II and III, as well as the UGGU motif 5′ side to the
apex of helix III are present in 100%, 100% and 95.77% respectively.
The maximum likelihood tree obtained from those 73 ITS2 sequence-
structure pairs yielded a well-supported monophyletic Parachlorella- and
a well-supported monophyletic Chlorella-clade (Fig. 5). Most genera are
highly supported being monophyletic. Whereas maximum parsimony
and neighbor-joining failed in supporting a robust tree topology, maxi-
mum likelihood yielded some further well supported monophyletic
sub-groups within both clades, the Parachlorella- and the Chlorella-clade
(Fig. 5).
18S secondary structures (not shown) obtained for 60 accompany-
ing reference taxa folded into the common core structure known for eu-
karyotes (cf. Cannone et al., 2002).
The maximum likelihood tree obtained from those 18S sequence-
structure pairs yielded a well-supported monophyletic Parachlorella-
and a well-supported Chlorella-clade (Fig. 6). Most genera are highly
supported being monophyletic. Whereas maximum parsimony
and neighbor-joining failed in supporting a robust tree topology (be-
sides for the Parachlorella- and the Chlorella-clade), maximum likeli-
hood yielded bootstrap support values N50 for all but one branches
(just one terminal clade connectingMicractinium inermum andHindakia
fallax is supported with only 46) (Fig. 6). The 18S tree topologyFig. 3. 5.8S-28S rRNA gene hybridization (proximal stem region) and ITS2 secondary structure of Chlorella vulgaris (AY591505) visualized with VARNA (Darty et al., 2009). The 5.8S is in-
dicated in light gray, the 28S in dark gray. ITS2 helices are numbered I–IV. Typical ITS2motifs are highlighted: the pyrimidine–pyrimidine mismatch in helix II; the A-rich region between
helices II and III, as well as the UGGU motif 5′ to the apex of helix III. The structure was generated by RNAstructure through energy minimization.
Fig. 5. ITS2 sequence-structuremaximum likelihood tree reconstructedwith phangornusing 73 chlorellacean ITS2 sequence-structure pairs. Bootstrap values are fromML,MPandNJ anal-
yses. The tree is rootedwith Chloroidium saccharophilum and Chloroidium ellipsoideum. GenBank accession numbers accompanyeach taxon name. The Parachlorella- and theChlorella-clade
are highlighted. The scale bar indicates evolutionary distances.
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phyletic genera are related to each other differs throughout the trees.
The maximum likelihood tree obtained from the concatenated data
set yielded a tree topology in agreement with the ITS2 tree topology.
Whereas maximum parsimony and neighbor-joining failed in
supporting a robust tree topology (besides for the Parachlorella- and
the Chlorella-clade), maximum likelihood yielded bootstrap supportvalues N50 for all but ﬁve branches (there is no support for two large
subgroups within the Parachlorella clade and sister group relations for
Heynigia and Crucigenia remained unclear) (Fig. 7). The concatenated
sequence-structure alignment is available as supplementary material
(File S1).
For Chlorellaceae, the probability of two ITS2 sequences belonging to
different species, given at least one CBC, is 0.74. The probability for two
Fig. 6. 18S sequence-structuremaximum likelihood tree reconstructedwith phangorn using 60 chlorellacean 18S sequence-structure pairs. Bootstrap values are fromML,MP andNJ anal-
yses. The tree is rootedwith Chloroidium saccharophilum and Chloroidium ellipsoideum. GenBank accession numbers accompanyeach taxon name. The Parachlorella- and theChlorella-clade
are highlighted. For evolutionary distances see supplementary material Fig. S1.
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probabilities slightly differ from the average probabilities known from
eukaryotes (cf. Müller et al., 2007). However, for Chlorellaceae, using
only the more conserved helices II and III, the probabilities are 0.91
and 0.95, respectively.4. Discussion
Remarkable newly-supported sub-clades might be (i) for ITS2, e.g.
Dicloster + Closteriopsis, Dictyosphaerium + Parachlorella,
Hegewaldia+ Coronastrum,Micractinium (polyphyletic) + Actinastrum,
Fig. 7. ITS2 + 18S sequence-structure maximum likelihood tree reconstructed with phangorn using a concatenated data set of 60 chlorellacean ITS2 and 18S sequence-structure pairs.
Bootstrap values are from ML, MP and NJ analyses. The tree is rooted with Chloroidium saccharophilum and Chloroidium ellipsoideum. GenBank accession numbers accompany each
taxon name. The Parachlorella- and the Chlorella-clade are highlighted. The scale bar indicates evolutionary distances.
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strains of Mucidosphaerium)), and (iii) for a concatenated data set, e.g.
Masaia+ (Dicloster+ Closteriopsis). Furthermore,Meyerella, Diacanthos,
Kalenjinia, Hindakia as well as Heynigia, each genus appears asmonophyletic and/or is represented by just a single species. However,
ﬁrst of all Chlorella itself, and additionallyMicractinium,Mucidosphaerium
and Didymogenes appear as polyphyletic. ITS2 and 18S are not congruent
concerning a robust tree topology; using a concatenated data set the ITS2
27J.S. Heeg, M. Wolf / Plant Gene 4 (2015) 20–28obviously prevail the 18S rRNA gene because the tree obtained from the
concatenated data set is much more in agreement with the ITS2 tree
than with the 18S tree. Beside the Parachlorella- and the Chlorella-clade
and the detection ofmonophyletic genera, the available literature (always
using concatenated data sets) comes up with bootstrap support values
b50 and a huge amount of chlorellacean sequences available in GenBank
is not classiﬁed (cf. Fig. 1). Inferring the phylogeny of Chlorella and allies is
still a nightmare. Better bootstrap support not necessarily means better
trees. Bootstrap is about robustness, not about accuracy. The outgroup se-
lection, the taxon sampling, and the phylogenetic reconstruction method
do inﬂuence inferred tree topologies, not to speak about designation er-
rors in morphological species concepts.
In this study using RNA sequence and secondary structure informa-
tion simultaneously we come up with moderately supported but con-
tradicting trees. Assuming the tree based on the concatenated data set
being the most accurate (Fig. 7), we have maximum likelihood support
(N50) for all butﬁve branches. Sub-clades ofmorphological distinct spe-
cies supported within the Parachlorella- and the Chlorella-clade
strengthen theneed for a profound genus concept,ﬂanked by a CBC spe-
cies concept, and obtained by future analysis using additional marker
genes and/or genomic approaches. Technical updates concerning the
methods (e.g. currently phangorn uses nearest neighbor interchange
(NNI) instead of tree bisection reconnection (TBR)) are needed as
much as morphologists trained in species designation. Moreover, we
need evolutionary developmental biologists arguing for apomorphies
deduced from the evolution of Chlorellaceae. Nevertheless, with all
trees presented in this little research note, especially concerning the
overall picture, here we present a phylogenetic framework and a basis
at least for future barcoding approaches distinguishing Chlorella and
allies.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.plgene.2015.08.001.Acknowledgments
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